Published plate tectonic models for the Australian-Antarctic plate pair imply geologically improbable scenarios at either, or both, ends of the Cretaceous rift and spreading system. Controversy also exists around the location of and motion at the plate boundary extending west of Australia-Antarctica, through the Kerguelen Plateau region. We present a plate tectonic model of relative motions among India, Australia To investigate the relationship between the plate boundary system and the Kerguelen plume we test three alternative absolute reference frames. Using a fixed hotspot reference frame, the Indian Ocean mid-ocean ridge system remains within 500 km of the Kerguelen plume, while the proximity of the plate boundaries and the plume is more variable with a moving hotspot reference frame. Proximity between the plume, plate boundaries, and the Central Kerguelen Plateau/Broken Ridge for ~65Myrs, suggests that these specific features were not formed by a single, shortlived (5-10 Myr) pulse of magmatic activity, but rather by a ~25 Myr period of relatively high magma flux followed by ~40 Myr period of lower volume magmatic activity, an interpretation not excluded by the relatively sparse dredge and drill ages.
Leeuwin-Vincennes alignment as it results in unacceptable continental overlap between Tasmania and Antarctica. Left-lateral motion between Tasmania and Australia along the Colac-Rosedale fault has been proposed to resolve this problem however, this motion has been emphatically ruled out based on modern magnetic data, the exposed Palaeozoic geology of southeast Australia (Cayley, 2011; Cayley et al., 2002) , and the alignment of geological boundaries between southern Australia and northern Victoria Land (Foster and Gleadow, 1992) .
A major difficulty when constructing these models is the complete lack of constraints (magnetic anomaly or fracture zone identifications) at the western end of the Australian-Antarctic plate boundary system prior to 43 Ma that can be used to constrain the longitudinal relative position of the plates. Instead, we constrain the longitudinal relative position of Australia and Antarctica using two other criteria; small-circle and COB constraints. Secondly, we use continent-ocean boundary (COB) constraints from the western Tasmanian and Cape Adare conjugate margins and palinspastically restored
COB constraints for the South Tasman Rise (STR).Motions of the East and West
South Tasman Rise blocks have been modified from Gaina et al., [1998] . We assume that the conjugate western Tasmania and Cape Adare COBs formed close to a transform margin between 79 and 43 Ma and use the interpreted COB locations of Williams et al., (2011) . The majority of extension in the Otway and Sorell Basins predates this time (e.g. Gaina et al., 1998; Hegarty et al., 1988) , and during this period deformation was characterized by late-stage transtension, transform motion and diachronous breakup (Hegarty et al., 1988; Hill et al., 1997) . Because the plate motions predict highly oblique relative motion during this time, any continued minor amounts of continental extension would not have led to a significant increase in the distance of the COBs from their respective hinge lines.
Files of all constraints used are provided in GPlates compatible gpml, shapefile, and ascii formats, which are available for download from ftp://ftp.earthbyte.org/earthbyte/WhittakerKerguelenPlateau.
Computation
To compute rotation parameters that describe the early drift phase of relative motion (~79 Ma to 43 Ma) between Australia and Antarctica we combine oceanic magnetic anomaly identifications, geological boundaries and the small circle segment constraint using the least-squares approach of Hellinger (1981) and Royer and Chang (1991) . We compute finite rotations (Table 1 ) and 95% uncertainty intervals (Table 2) .
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© 2013 American Geophysical Union. All Rights Reserved. Figure 2) fall systematically to the west of the previously published poles of Whittaker et al., (2007) and Tikku and Cande (2000) .
Our Euler poles (Supplementary
The consistent NW-SE elongation of the ellipses reflects the lack of fracture zone constraints in our computations.
The least-squares approach of Hellinger (1981) and Royer and Chang (1991) is based on computing rotation parameters for ocean basins where there are both magnetic anomaly and fracture zone interpretations to constrain the relative plate motions. However, using this computational approach is problematic where there is an absence of either or both magnetic anomaly and fracture zone constraints, as is the case for the western end of the Australian-Antarctic plate pair for times earlier than ~43 Ma. The problem is particularly acute in the Kerguelen sector, leading us to introduce the small circle constraint. For each time, we use the magnetic anomaly identifications from that time and the small circle and Tasmanian/Cape Adare continent-ocean boundary constraints. Typically, computed uncertainty ellipses represent the errors associated with the interpretation of the input geophysical data.
For example, fracture zones are commonly assigned an error of 5 km based on the work of Müller et al., (1991) who found that this is the typical error in interpreted fracture zone location between satellite gravity and shiptrack data. However, the use of the small circle constraint means that the uncertainty ellipses do not only include the errors associated with the interpretation of real data.
The fit of the magnetic anomaly identifications and small circle constraints is shown in Supplementary Figure 3 . Good fits are obtained for all modelled time steps with the exception of the easternmost magnetic anomaly identifications at 79.1 Ma (chron 33 old). The poorest fitting chron 33o magnetic anomaly interpretations are proximal to serpentinized peridotite ridges likely formed through mantle exhumation
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© 2013 American Geophysical Union. All Rights Reserved. (Beslier et al., 2004; Colwell et al., 2006) . The poor fit of these chron 33 magnetic anomaly identifications may be related to non-seafloor spreading related magnetisation of the ridges, and/or localised deformation related to the ultra-slow seafloor spreading and mantle exhumation, To extend our model for relative Australian-Antarctic motions to times older than c33o (~79 Ma) we use the full-fit and COB/C34y (83 Ma) reconstruction parameters of Williams et al., [2011] , which are based on palinspastic restoration of extended continental crust in the conjugate Australian and Antarctic margins. The Eastern Indian Ocean plate reconstruction of Gibbons et al., (2012) An artefact of only having two rotation poles (full-fit and earliest seafloor spreading anomaly) describing some 50-80 million years of continental rifting until breakup at 83 Ma is that it results in an apparent change in the relative AustralianAntarctic plate motions at 83 Ma. However, it is more likely that the change in relative motions occurred at ~100 Ma when a major plate reorganization affected the Indo-Australian region (e.g. Matthews et al., 2012; Müller et al., 2000; Veevers, 2000) . We introduce an additional reconstruction pole at 100 Ma to shift the change in relative motions from 83 Ma to 100 Ma. The introduction of this addition rotation pole also allows us to model the onset of a more rapid Australian-Antarctic continental rifting phase during the Albian (Totterdell et al., 2000) .
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We compare the reconstructed locations of the continents, plate boundaries, and LIPs with alternative reconstructed locations of the Kerguelen plume. To do this we combine our Australia-East Antarctic relative plate motions with the East Antarctica-Africa relative plate motions from Seton et al., (2012) . We combine these relative plate motions with three alternative absolute reference frames a) a fixed hotspot reference frame -Mu93 (Müller et al., 1993) , b) a moving Indo-Atlantic hotspot reference frame -ON05 (preferred model of O 'Neill et al., 2005) , and c) a moving global hotspot reference frame -Do12 (Doubrovine et al., 2012) . The moving hotspot absolute reference frames are constructed using numerical models of whole mantle convection and advection where the individual mantle plumes move independently. We incorporate the independent motion of the Kerguelen plume for the moving hotspot models (see Supplementary Table 1 for rotation parameters). It should be noted that the moving hotspot absolute reference frames depend on the plate circuit used, however the errors introduced by using our own plate circuit here are likely to be small due to the short length of the relative plate motion chain (Africa -> East Antarctica -> Australia/India) and the observation that even considerable differences between relative plate motion models have little impact on the resulting absolute reference frame, e.g. the Australia-Antarctic comparison undertaken by Doubrovine et al., [2012] .
Attributing a single surface coordinate to the present day location of the Kerguelen Plume is not straightforward. At the present day there are active fumaroles in the Kerguelen Isles (Bonin et al., 2004) and volcanism on Heard Island (Quilty and Wheller, 2000) separated by a distance of ~450 km. This ambiguity is perhaps not unexpected considering that seismic tomography models indicate that the Kerguelen plume conduit in the lower mantle has a minimum radius of 400 km, which Accepted Article © 2013 American Geophysical Union. All Rights Reserved.
does not appear to reduce at shallower depths (Montelli et al., 2004) . A 400 km radius for the Kerguelen plume can be considered at the upper end of such plume radii estimated from seismic tomography models. Seismic tomography models of Iceland typically estimate plume conduit radii of around 100 km in the upper mantle (Allen and Tromp, 2005; Hung et al., 2004) , a result supported by the geodynamic mantle model of Steinberger and Antretter (2006) , which also estimated upper mantle plume radii of around 100 km. Montelli et al., [2004] also estimate a 100 km plume radius for Iceland in the lower mantle.
Plume material is also known to flow laterally beneath oceanic lithosphere, from the location of upwelling, towards ridge axes (Mittelstaedt and Ito, 2005; Sleep, 2008) . This process is an alternative, or additional, explanation for the observed patterns of volcanic activity on the Kerguelen Plateau.
Given the possible large size of plume conduits and lateral flow processes, it is reasonable to expect volcanic activity anywhere within a significant region of the reconstructed hotspot location, and also that the location of surface volcanic activity may vary through time with respect to the conduit. To represent the uncertainty in the surface expression of the Kerguelen plume, a 400 km radius is plotted around the reconstructed plume locations (Figure 4 ), based on Montelli et al., [2004] .
Plate Boundaries
Based on our revised reconstructions we build a complete set of plate boundaries between India, Australia and Antarctica for break-up through to 43 Ma.
We combine our new Australian-Antarctic motions with the plate tectonic model of Gibbons et al., [2012] Mapping the spatio-temporal location of the Australian-Antarctic plate boundary through the Kerguelen/Broken Ridge sector is extremely problematic. It is possible that this portion of plate boundary was not a discrete boundary between ~83-43 Ma but rather expressed as a series of short-lived plate boundaries (for example, the 77° E and 75° E rift zones (Houtz et al., 1977) and Southern Kerguelen Rift Zone) (Royer and Sandwell, 1989) . Instead of short-lived discrete plate boundaries, diffuse deformation across a wider region is possible, the shaded region shown in Figure 3 . However, we feel that a rigid plate boundary is more likely in this region. Localisation of extension is observed at the Chagos Bank, a region within the diffusely deforming Capricorn plate boundary that is rheologically weaker due to its thicker crust (Henstock and Minshull, 2004) . The thick crust of the Kerguelen Plateau/Broken Ridge is also more likely to experience focussed rather than diffuse deformation.
We model jumps in the location of the Indo-Antarctic plate boundary at 115 Ma, the Indo-Australian plate boundary at 108 Ma and the Australian-Antarctic plate boundary at 83.5 Ma, 50 Ma and 43.8 Ma. These ridge jumps result in the transfer of small sections of oceanic crust from one major plate to another. For this reason these micro-plates are assigned their own plate tectonic identity even though at all times they move with one of the major plates (India, Australia or Antarctica) (See Table 3 ).
Plate Model
Our plate tectonic model ( (Alibert, 1991; Frey et al., 2002; Operto and Charvis, 1995) , which may also have been isolated by this, or a slightly earlier ridge jump. At 
to 50 Ma
A major reorganisation is thought to have affected the entire Indian Ocean including Indo-Australian relative plate motions at ~100 Ma, possibly due to the cessation of subduction along the east coast of Australia (Matthews et al., 2012; Müller et al., 2000; Veevers, 2000) .
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This reorganisation event at 100 Ma led to significant changes in the relative plate motions between India [e.g. Gibbons et al., 2012] , Australia and Antarctica. For the Australian-Antarctic plate pair the change led to more oblique motion between 50-100 Ma than during earlier periods (Figure 4) , with a change in the direction of relative motion from NNE-SSW to NW-SE.
In the Kerguelen sector, the 100 Ma reorganisation resulted in a switch from transtensional motion to almost purely strike-slip at the westernmost extent of the system. Immediately adjacent to the Indian-Australian-Antarctic triple junction ~400 km of left-lateral strike-slip motion is predicted by our model between 100 and 50
Ma. The normal component of motion increases towards the east with ~180 km of seafloor spreading occurring in the Labuan Basin, and ~400 km of seafloor spreading occurring within the Bruce Rise-Naturaliste Plateau sector of the margin.
The reorganisation at 100 Ma also coincides with the onset of a more rapid phase of continental extension between Australia and Antarctica, identified from geological and geophysical data including subsidence curves and seismic reflection profiles [e.g. Totterdell et al., 2000] Slow seafloor spreading in the Central Bight sector of the Australian-Antarctic margins was underway by 83 Ma (Tikku and Cande, 1999; Whittaker et al., 2007) . Following Gaina et al., (1998) our model incorporates two ridge jumps in the Tasman/Cape Adare section of the margin, which result in the transfer of the eastern and western STR blocks at ~83 Ma and ~50 Ma, respectively (see Table 3 for rotation parameters). Transfer of both blocks occurs earlier compared with previous models.
In our model, the eastern STR transfers at 83-80 Ma compared with 65 Ma Rollet, 1997), or 70 Ma (Gaina et al., 1998) , while our western STR transfers at ~50 Ma compared to 43.8 Ma (Cande and Stock, 2004) , or ~40 Ma (Gaina et al., 1998; Royer and Rollet, 1997) . The transfer at ~50 Ma coincides with the major change in Australia-Antarctica relative motions linked to a 50 Ma reorganization event.
Prior to breakup we assume that relative motion was accommodated between Australia and Antarctic by a zone of continental rifting. Our model predicts diachronous breakup between 94 and 73 Ma for the Naturaliste-Bruce Rise and Bight Basin-Wilkes Land margin sectors (the breakup age generally decreasing to the east).
Some overlap between the COBs of the Otway Basin and the conjugate Antarctic margin persists until ~60 Ma. In the Sorell Basin-George V Land sector, breakup occurs at ~53-50 Ma following a phase of highly oblique transtension. In each case these ages are broadly consistent with observations from seismic stratigraphy, dating of dredge samples and breakup volcanics (Beslier et al., 2004; Halpin et al., 2008; Krassay et al., 2004; Totterdell et al., 2000) .
Our model incorporates a change in direction of relative Australian-Antarctic plate motions from NW-SE prior to 50 Ma, to NNE-SSW after 50 Ma. The change may have been ultimately driven by subduction of the Izanagi Ridge at the northwest Pacific margin causing a reorganisation of the global plate tectonic system (Whittaker et al., 2007) . 
Spreading Rates
The spreading rates implied by our model for Australia and Antarctica from the onset of continental rifting through to the transition to faster spreading rates at ~44 Ma are shown in Supplementary Figure 4 . Very slow (<10 mm/yr) rates of spreading occur between Australia and Antarctica from the onset of continental rifting to 100 Ma, after which this system experienced a phase of more rapid motion (20-35 mm/yr). The system returned to slow motion (10-20 mm/yr) following continental breakup until the onset of rapid seafloor spreading at ~44 Ma.
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There are two spikes in rate of relative motion at 68.7-71.1 Ma and 79.1-83.5 Ma.
Finite rotations computed from magnetic anomaly interpretations are known to be affected by substantial noise related to problems with accurately identifying magnetic anomalies from shiptrack data and the calibration accuracy of the geomagnetic reversal timescales (Iaffaldano et al., 2012) . The noise related to accurately identifying the location of magnetic reversals is likely exacerbated in the 79.1-83.5
Ma pulse as the chron 34y (and likely the chron 33o) magnetic anomalies are located on or near a basement ridge complex, interpreted to be composed of exhumed continental mantle within the continent ocean transition .
Although recent studies have shown that conjugate linear magnetic anomalies within the exhumed mantle are generated by reversals in the Earth's magnetic field in a similar way to those observed in oceanic crust, and so are related to the temporal evolution of this material and can be used to reconstruct relative plate motions (Sauter et al., 2008; Sibuet et al., 2007) , it is likely that there is more error associated with magnetic anomalies identifications of this type.
Discussion

The Kerguelen-Broken Ridge Sector
A plate tectonic reconstruction for the rifting and early spreading between Our tectonic reconstruction shows the northern Labuan Basin and the Diamantina Zone formed as one basin between 108-43.8 Ma, in agreement with previous interpretations that these features were once continuous (Beslier et al., 2004; Chatin et al., 1998; Gladczenko and Coffin, 2001; Munschy, 1998; Stagg et al., 2004) .
Both the Diamantina Zone and the Labuan Basin exhibit two structurally different provinces: one comprising tilted fault blocks separated by south to southwest dipping faults, and the other characterised by elongated basement highs that are larger and more dome-shaped (Munschy, 1998) . South to southwest dipping faults separating predominantly northeast oriented basement highs is consistent with the NW-SE oriented transtensional motion in our model.
A number of different models have been proposed for the formation of the ~600 km wide combined Labuan Basin-Diamantina Zone, including: ultra-slow seafloor spreading (Cande and Mutter, 1982) ; diffuse deformation (50-55 Ma, 65-78 Ma) of pre-existing oceanic crust (Munschy, 1998) progressive south to north extension with a central extrusive zone between the pre-Albian and Campanian (Borissova et al., 2002) .
Whether the crust within the Labuan Basin and Diamantina Zone is predominantly oceanic (Gladczenko and Coffin, 2001) or continental is disputed (Borissova et al., 2002) . Our model is more consistent with the oceanic crust formed under slow seafloor spreading conditions. The composition of the alkaline basalts dredged from both the Labuan Basin and the Diamantina Zone indicate small amounts of melting (Chatin et al., 1998) and continental rocks have been sampled from the Labuan Basin, although these were originally interpreted as ice-rafted debris (Montigny et al., 1993 ).
In our model, the western Labuan Basin/northern Diamantina Zone formed between ~108-83.5 Ma during relative Australian-Antarctic motions that were moderately oblique to the trend of the mid-ocean ridge. During this period, we model the Australian-Antarctic plate boundary to run through the CKP, resulting in the formation of the majority of the crust underlying the CKP. This continuation of the plate boundary from the Labuan Basin to beneath the CKP is supported by the observation that the tilt-block morphology of the Labuan Basin extends onto the Kerguelen Plateau (Rotstein et al., 1991) . (Rotstein et al., 2001) or minimal relative motion at this section of the margin. However, as discussed in more detail earlier minimizing/removing relative motion leads to kinematic reconstructions with unlikely plate boundary configurations in the eastern Indian Ocean (Rotstein et al., 2001) or geologically improbable continental deformation in the Tasmanian/Cape Adare region .
Our approach to modelling the formation of crust between Australia and Antarctica explicitly breaks the ocean floor into discrete, rigid blocks and does not take into account the possibility of diffuse deformation. It is likely that the thicker,
Accepted Article
© 2013 American Geophysical Union. All Rights Reserved. rheologically weaker Kerguelen Plateau/Broken Ridge regions were not affected by diffuse deformation and rather experienced focussed deformation similar to that observed at the Chagos Bank (Henstock and Minshull, 2004) . Likely examples of this focussed deformation exist on the SKP, e.g. the 75° E and 77° E Grabens -prominent N-S trending features crossing the Central and Southern Kerguelen Plateaux that formed between 72 Ma and 64 Ma and record small amounts of extensional (~5 km) and strike-slip (~3 km) motion [Rotstein et al. 1992 ]. However, it is possible that diffuse deformation affected the thinner Diamantina Zone/Labuan Basin rather than relative motion being focused at a discrete plate boundary.
Our reconstruction predominantly models the formation of oceanic crust beneath the Kerguelen Plateau prior to, or contemporaneously with the formation of the Kerguelen Plateau. The age of the underlying ocean crust is compatible with igneous basement ages from the Kerguelen Plateau Sites 749 -110 Ma (Whitechurch et al., 1992) 
Hotspot-Triple Junction Relationship
A possible relationship between volcanic plateaus and triple-junctions has long been observed, for example for the Shatsky Rise Gibbons et al., 2012; Williams, 2011) and likely at least some portion of the Southern Kerguelen Plateau (Operto and Charvis, 1995) . Both these ridge jumps are consistent with the hypothesis of Müller et al., (2001) The best-studied example of a LIP formed through the interaction of a plume and a triple-junction is the Shatsky Rise, located in the northwest Pacific (e.g. Hilde, 1976; Larson and Chase, 1972; Nakanishi et al., 1999) . Like the Central Kerguelen Plateau/Broken Ridge, this large oceanic plateau does not appear to have formed rapidly from short-lived ~1-5 Myr episodes of voluminous volcanism.
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Subsidence rates observed from DSDP and ODP sediment data on the Shatsky Rise are difficult to reconcile with the rapid emplacement of the plateau by a hightemperature plume (Ito and Clift, 1998) . Sager et al., (1999) Papanin Ridge -a model that fits with the variable flux plume model of Lin and van Keken (2005) . This interpretation is strongly supported by the clear age progression of the Shatsky Rise towards the northeast . Unfortunately, the basement volcanics of the Central Kerguelen Plateau/Broken Ridge were emplaced during the Cretaceous Quiet Zone, when there was an absence of magnetic reversals, so such a clear age progression is not apparent. In any case, it is unlikely that such a clear age progression would affect the CKP/Broken Ridge due to the nature of the underlying plate boundary. An ultra-slow spreading transtensional plate boundary lay under the CKP/Broken Ridge, in contrast to the normal mid-ocean ridge underlying the Shatsky Rise.
There are significant differences between the morphology of Central Kerguelen Plateau/Broken Ridge and the plateaux of the Shatsky Rise. The Shatsky Rise exhibits a more rugged topography compared to the CKP, and is comprised of three, relatively small, rugged, spatially separated plateaux, while the CKP is a single, very large, relatively smoother, plateau. Nevertheless, both these LIPs exhibit variable magma flux over millions of years, Shatsky over ~20 Myr and the CKP over ~65 Myr.
Although the absolute timescales differ, for both of these LIPs the initial magma flux appears to have been higher, followed by lower volumes, which appear to cease in the Shatsky Rise case but which have continued to the present-day in the case of the Kerguelen plume.
Conclusions
We develop a rigid plate tectonic model to reconstruct the history of rifting, breakup and early drifting history between Australia and Antarctica. We incorporate a wide range of constraints from the entire length of the plate boundary system, to present a model that addresses; (1) Ridge and the Shatsky Rise appear to share the same formation mechanism, where higher volumes of plume magmatism for ~25 Myr were followed by lower volumes of magmatism are the result of interaction between a triple-junction and adjacent midocean ridge segment and a mantle plume over tens of millions of years.
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We tested two moving [Doubrovine et al., 2012; O'Neill et al. 2005] and one fixed hotspot reference frame [Müller et al., 1993] . The fixed hotspot reference frame resulted in the best match between the inferred track of the Kerguelen plume and the reconstructed positions of the Ninety east Ridge and Kerguelen Plateau.
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